We report spin wave propagation experiments in thin yttrium iron garnet (YIG) films. Using time-resolved scanning Kerr microscopy we extract the mode structure of the spin waves. For quasi-single-mode excitation, the spin wave decay can be fitted with a damped harmonic oscillator function providing us with information about the attenuation length. We measure values of about 2.7 and 3.6 μm for the spin wave decay length of 38-and 49-nm-thick YIG samples, respectively. Micromagnetic simulations are performed to compare experimental and simulated modes. The data are in very good agreement with these simulations.
I. INTRODUCTION
Yttrium iron garnet (Y 3 Fe 5 O 12 ,YIG) is one of the most widely used materials for studying high-frequency magnetization dynamics due to its extremely low Gilbert damping parameter which can reach values as low as 5 × 10 −5 for YIG spheres [1] . Its high Curie temperature and high chemical stability [2] make the material attractive in addition to its interesting magnetic properties. Consequently the material is used for building delay lines, rf filters, attenuators, resonators, Y junctions and other high-frequency devices [3, 4] . Studying spin wave (SW) propagation in thin YIG films and in ultrathin YIG layers has become interesting only lately since high-quality ultrathin YIG films have only become available recently using standard deposition techniques such as liquid phase epitaxy (LPE) [5, 6] pulsed layer deposition (PLD) [7] [8] [9] [10] , or sputter deposition [11] [12] [13] . In particular, the prospect of being able to use sputter deposition, which is the industry standard for thin-film deposition of spintronics devices, to produce high-quality material makes thin YIG films an even more interesting choice for the spintronics community.
In the magnonics community one of the recent fields of research is the quest for using SWs as information carriers. Experiments concerning SW propagation are important for understanding magnetization dynamics in thin YIG films. Furthermore, it has been shown that microstructures fabricated from thin YIG films can be used, e.g., to effectively excite autooscillations [14, 15] by utilizing the spin Hall effect [16] [17] [18] [19] [20] [21] [22] [23] when driving a current through a Pt layer deposited on top of the film. In these experiments thin YIG films are of importance due to their low magnetic moment and exceptionally low damping. Since they are insulators the current density is truly confined to the heavy metal layer.
Thin YIG films are usually grown on gadolinium gallium garnet (GGG) substrates. GGG/YIG bilayers are used because of the lattice parameter proximity (1.2381 nm for GGG and 1.2376 nm for YIG). Usually YIG is grown using LPE, which allows growing high-quality YIG films. LPE-grown films are very homogeneous, have small surface roughness, and low magnetic damping. However, it seems to be difficult to grow thin films with thicknesses much lower than 20 nm. To further reduce the film thickness other methods have been considered. PLD [24, 25] and magnetron sputtering allow growing very thin layers with quality approaching that of LPE-grown films [26, 27] .
In this work we investigate thin YIG films grown by sputter deposition by combining static and dynamic magnetic characterization methods. Using superconducting quantum interference device (SQUID) measurements we analyze the magnetic moment as a function of film thickness. Using ferromagnetic resonance (FMR) and propagating SW spectroscopy we investigate the dynamic properties and in particular the damping behavior of thin YIG films and thin YIG microstructures. We report time-resolved magneto-optic Kerr (TRMOKE) effect measurements of SW parameters in thin YIG films. The mode structure of the SWs is studied as a function of the external magnetic field, thickness, and width of the stripe. We are able to detect a SW signal for distances up to 150 μm away from the exciting coplanar waveguide (CPW) for narrow 2-μm-wide stripes. However, the detailed structure of the SW modes is better observed on broader (12-14 μm wide) stripes. We calculate the SW attenuation length for the first excited mode for 49-and 38-nm-thick samples. Furthermore we study the dependence of the maximal SW propagation length as a function of stripe width.
II. SAMPLE PREPARATION AND CHARACTERIZATION
YIG films are grown on 0.5-mm-thick single-crystalline cubic gallium gadolinium garnet (GGG) substrates with (111) orientation by magnetron sputtering. Sputtering is performed in an argon and oxygen atmosphere, with a sputtering rate of about 1.74 nm/min. The base pressure is 2.6×10 −8 mbar. During the deposition at 2.9×10 −3 mbar, the proportion of the sputtered gases oxygen and argon is 5%. Subsequently, the samples are annealed in air for 2 h at 850
• C and slowly cooled to avoid any strain in the film. We investigated four samples with thicknesses of 19, 29, 38 , and 49 nm. The thickness of all samples is determined by x-ray reflectivity (XRR) leading to a thickness error less than 1 nm for each sample. Results of the XRR reflectivity measurements after the annealing process are shown in Fig. 1 . Fitting of the Kiessig fringes allows extracting the film thickness. Before patterning the structures we perform SQUID and FMR measurements to determine the saturation magnetization M s and the Gilbert damping constant α of the films. The magnetization is measured using SQUID magnetometry. In Fig. 2 we present the SQUID data for all samples measured at room temperature (T = 300 K). We would like to note that each sample shows a 4-6-nm thick nonmagnetic dead layer [28] . This layer is formed due to diffusion of the gadolinium from the substrate to the YIG film and needs to be taken into account when calculating the effective magnetic sample volume.
The saturation magnetization μ 0 M s at room temperature is found to be around 163 mT for the 49-nm-thick sample and decreases to about 99 mT for the 19-nm-thick sample. For thinner samples the magnetization drops further (for 10-nmthick samples μ 0 M s ∼ 75 mT). The relative error in magnetic moment measurement is about 1%. The error in the magnetization measurements varies from 7% to 13% depending on the sample thickness, where the biggest relative error comes from the volume measurements. Next we perform in-plane FMR measurements from which we extract the dependence of the resonance field as a function of frequency, see Fig. 3 , which enables us to extract the effective magnetization M eff as well as the gyromagnetic ratio γ . Effective magnetization is a sum of saturation magnetization and anisotropy field. Therefore effective magnetization takes the out-of-plane anisotropy into 
3 ) 4300 ± 500 4600 ± 400 4500 ± 300 4800 ± 300 γ (GHz/T) 28.6 ± 0.6 28.8 ± 0.4 29.0 ± 0.3 28.9 ± 0.1 account. By comparing M eff to M s measured by SQUID, we can compute the perpendicular anisotropy constant K u1 . The dependence of the FMR frequency on magnetic field is fitted with the Kittel formula
which gives us a value of 227 mT for M eff for a 38-nm sample.
We calculate the anisotropy constant as follows:
In Fig. 4 the results of the FMR measurements of the films with respect to the evolution of the linewidth are shown. In particular we show the dependence of the FMR linewidth on frequency. Since Gilbert damping should be strictly proportional to frequency while the zero-frequency offset is related to extrinsic contributions to damping, such as sample inhomogeneities and two-magnon scattering, linear fits of the dependence of the FMR linewidth on frequency give us information about the Gilbert damping parameter.
The results of the SQUID and FMR measurements are presented in Table I . Here H 0 denotes the zero-frequency intercept of the FMR linewidth extracted from linear fits to the data shown in Fig. 4 , while α is extracted from the slope of the linear fits to the data. The α values for 38-and 49-nm films are close to the literature value for thin LPE-grown films [29] . Films with thicknesses above 1 μm (bulk) [18] can reach values as low as 6.7×10 As a next step the samples are patterned into stripes for time-resolved magneto-optical Kerr microscopy (TRMOKE) experiments. First thin multilayers (Ti 3 nm/Au 8 nm) are deposited on top of the YIG films. These layers are required for laser beam focusing and increasing the reflectivity of the surface. However, the presence of these metal layers causes α to increase by a factor of about 10 for the 50-nm-thick sample due to efficient spin pumping into Ti which we will briefly discuss below.
In order to prove if the increase in damping indeed stems from spin pumping we perform comparative measurements of Ti/YIG, and Ti/Au for a film with YIG thickness of 40 nm. The data are summarized in sample was cut into four pieces marked as s1, s2, s3, and s4 in the Fig. 5 . Then samples s2 and s4 were covered with a 25-nm thick aluminum oxide layer to exclude possible spin pumping. Samples s1 and s2 were covered with 10 nm of Ti and samples s3 and s4 with 10 nm of Au. After each step the damping parameter was measured. Since we observe an increase of damping only for YIG/Ti and since the zero-frequency offset of the linewidth remains the same we conclude that the increase of the frequency-dependent linewidth indeed originates from spin pumping. An evaluation using Eq. (3) with the parameters μ 0 M s = 152 mT, thickness d = 40 nm, electron g factor g = 2,μ B is the Bohr magneton, leads to a spin mixing conductance of 4.1×10 17 m −2 , which is approximately three times smaller than for YIG/Pt interfaces [9, 13, 30] .
For the subsequent TRMOKE measurements we prepare stripes by using standard electron-beam lithography techniques. Stripes of different width are etched out of the complete film stack using standard electron-beam lithography and ion-beam etching techniques. The distance between the stripes is 10 μm and their width is varied from 2 to 14 μm. We prepare stripe arrays to be able to analyze the mode structure of the SWs which depends strongly on the stripe width. The stripes are covered with a 20-nm-thick aluminium oxide layer to separate them electrically from a CPW which is prepared in the last step. The CPW has the following parameters: thickness t = 150 nm; signal line width w s = 2 μm; gap w g = 1.5 μm. Its impedance is matched to 50 .
III. EXPERIMENTAL RESULTS
The experimental setup is conventional TRMOKE, where the Kerr signal is proportional to the dynamic out-of-plane magnetization component (polar MOKE) [31] . The light source is a pulsed titanium sapphire laser operating at a central wavelength λ c = 830 nm. Its frequency is doubled in a BBO crystal since the magneto-optical sensitivity depends crucially on the wavelength of the probing beam. In the case of YIG, the magneto-optical response for blue light (λ c = 415 nm) is about one order of magnitude larger than for red light. We then synchronize the 80-MHz repetition rate of the laser system to the microwave generator used for rf excitation. constant phase which can be adjusted using a microwave delay. The measurements are performed in imaging mode: for a fixed magnetic field and excitation frequency the spatial distribution of the signal is measured. The experimental geometry is shown in Fig. 6 .
In Fig. 7 we present images of SW excitations recorded for different magnetic fields on the 14-μm-wide stripe. The frequency is fixed at 6 GHz and the magnetic bias field applied along the short axis of the stripe is swept in steps of 0.5 mT. The excitation antenna is located at the top of the images. Distinct SW excitation spectra can be clearly observed as a function of external magnetic field. In the magnetic field region around 125.5 mT a single-SW mode seems to be traveling through the film while at higher fields (e.g., 126.5 mT) it is obvious that the observed SW pattern comprises a superposition of SW modes. At even higher fields starting at around 130.5 mT a pronounced edge mode starts to become dominant. Additional transverse quantization of standing SWs is visible for magnetic fields larger than 131 mT. Note that the strongest SW response to the excitation frequency is visible at 130 mT. The resolution is high enough to perform accurate fitting and to extract the SW parameters.
To support the experimental data we perform micromagnetic simulations using the MUMAX3 code [32] . We use the following parameters for the simulations: M s = 1. Figure 8 shows the simulation of the SWs excited by the CPW. We can see that the mode structure qualitatively matches the experimental data up to a magnetic bias field of 129.5 mT. Note, however, that the edge mode observed at higher fields is almost absent in the simulations, whereas it has high intensity in the experiment. The presence of this mode was already shown in thicker YIG films by Brillouin light scattering measurements [29] . The reason why this mode appears in our experiments is a spurious transverse magnetic field that is excited by the current that runs in the thin Ti/Au layer that covers the YIG film. This current is excited inductively by the CPW. SONNET software simulations showed the presence of a current which flows in the direction perpendicular to the CPW. The amplitude of this current is approximately 200 times smaller than the initial current in the CPW, and it decreases linearly with the distance from the ground line of the waveguide. The transverse field created by this current should drop linearly with the distance from the CPW as well. In Fig. 9 we can see the simulations of the modes excited by a homogeneous transverse field. It is clear that the amplitude of this mode will drop with decreasing of the transverse field. Thus, the experimentally recorded images of SW in the CPW (Fig. 8) and by the spurious rf field (Fig. 9) . We also plot line scans (Fig. 10) of the experimental data and MUMAX3 simulations in transverse directions for two magnetic field values above the 129.5 mT. As we can see the mode structure of the simulation matches the experimental data quite well.
The first image shown in Fig. 7 (recorded at 124 mT) corresponds to the excitation of the first mode with k-vector perpendicular to the CPW; however, at the edges of the stripe the influence of the inhomogeneous internal magnetic field due to demagnetizing effects is clearly observable. With increasing magnetic field the dynamic response of the magnetization slowly transforms to the typical X-shape response (129-130 mT), a superposition of the first and the third modes with k-vectors k 1 and k 2 , which are also perpendicular to the CPW but have different values. We note here that we can observe SW excitation (mostly carried by the edge modes) [33] in the narrow stripes (<6 μm) at distances exceeding 120 μm and reaching values up to 150 μm.
The images shown are the X-Y distributions or twodimensional (2D) arrays of the dynamic out-of-plane magnetization (z component). If we pick one one-dimensional (1D) array from the 2D array we will get the z(y) distribution for a fixed position x. This will give us a line scan which can be fitted with a damped harmonic oscillator function. For the fits we use the following function:
where L att is the SW attenuation length. The dispersion relation for Damon-Eshbach SWs can be written as follows [1] :
where M eff is the effective magnetization, H 0 the external magnetic field, d the thickness of the sample, k the wave number, and γ the gyromagnetic ratio. An equation for the group velocity can be obtained from Eq. (5).
4ω .
From Eq. (6) the spin wave attenuation length L att can be calculated.
064409-7 Assuming that for our sample thicknesses e − 2kd ≈ 1, the attenuation length can be calculated using the SQUID and FMR data. As can be seen from Eq. (7), the attenuation length is proportional to the effective magnetization M eff and to the sample thickness d. Taking into account that M eff drops with the decreasing d, we expect a rapid decrease of the attenuation length with the sample thickness.
In Fig. 11 line scans for different thicknesses measured at an excitation frequency of 6 GHz are shown. As expected the attenuation length L att drops with decreasing thickness of the sample. For the 29-nm-thick sample the oscillations become aperiodic and for 19 nm are not excited at all.
The results of the fits are presented in Table II and are compared to the values expected from the SW dispersion using the parameter values obtained from the FMR and SQUID data. As can be observed the results agree well for both samples.
As we have noted above, the use of Ti/Au films for capping is not the best choice since it increases damping due to spin pumping. Note also that this does not change the mode structure of the excited SWs; it just influences their attenuation. A possible substitute could be the light metal aluminum. To check this we have deposited a stripe of Ti/Au (3 nm/8 nm) and a 20-nm-thick Al stripe onto the same 25-nm sputtered YIG sample to perform comparative measurements. The widths of the stripes are 12 μm. The images and corresponding fitted line scans are presented in Fig. 12 .
These measurements prove that aluminum is a much better candidate for capping than the Ti/Au bilayer.
IV. CONCLUSIONS
In this paper we presented an analysis of SW propagation experiments in stripes prepared from thin YIG films. A batch of YIG samples of different thicknesses were prepared by magnetron sputtering. Magnetic properties were measured using SQUID and FMR techniques. CPWs for SW excitation were fabricated on top of the films. We performed TRMOKE imaging of the SWs in the thin YIG films and extracted the mode structure of the SWs. For quasi-single-mode excitation we were able to fit the SW decay with a damped oscillator function providing us with information about the attenuation length in the thin YIG film structures for the first SW mode. MUMAX simulations were performed to compare experimental and simulated modes. The MOKE data are in very good agreement with these simulations. In addition we have performed a comparative measurement of SW propagation on stripes capped with Ti/Au and aluminum. For Al-capped films the decay length increases by roughly a factor of 2. Nevertheless, we are able to observe SW excitations at distances as far as 150 μm from the CPW which is an encouraging result for using SWs in thin sputtered YIG films as information carriers.
